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• Qiantang estuary is subjected to strong
tides and anthropogenic disturbances.

• Tide influences physical mixing of river-
ine freshwater and saltwater.

• Anthropogenic input contributed pri-
marily to the CDOM pool in the estuary.

• Decreased tidal levels are often linked to
enhanced anthropogenic CDOM.
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Estuaries support the livelihood of ~75% of the world's population and maintain high primary production in
coastal waters, which are often subjected to strong tides and anthropogenic disturbances. There is a paucity of
information on how the optical composition and bioavailability of chromophoric dissolved organic matter
(CDOM) are influenced by tidal oscillations in estuaries with highly urbanized surrounding areas. We examined
the semi-diurnal Qiantang Bore, one of the Earth's three most predominant tide bores, and found that dissolved
organic carbon (DOC), CDOM absorption a(254) and terrestrial humic-like C1, tryptophan-like C2 and C5, fulvic-
like C3, and microbial humic-like C4 decreased markedly with increasing salinity. This suggests that physical
mixing of riverine freshwater and saltwater can shape the optical composition of CDOM in the estuary. This
was supported by the semi-diurnally and hourly observations at Zhijiang (salinity ~0.1‰, upstream of the estu-
ary) that DOC, bioavailable DOC (BDOC), C1–C2, and C4–C5 increasedmarkedlywith decreasing tidal level, while
DOC and C1–C5 increased notably with increasing salinity. We further found δ18O was enriched with increasing
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Fig. 1. Location of sampling sites and the corresponding c
region surrounding the Zhijiang sampling site is the metr
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tidal level, while tryptophan-like C2 and C5, and fulvic-like C3 decreased significantly with increasing tidal level
at Zhapu (salinity ~7‰, downstream of the estuary). Furthermore, DOC, BDOC, C1, and C4 decreased, while δ18O
and C3 increased markedly with increasing salinity. Further evidences come from the notably lower mean first
principal component (PC1) scores at Zhijiang and Zhapu, both positively associated with anthropogenic
tryptophan-like inputs, were observed during ebb than during flood tides, and PC1 at Zhijiang increased notably
with increasing salinity. We conclude that anthropogenic inputs contributed primarily to the CDOM pool in the
estuary and are mediated by the physical mixing of riverine freshwater and seawater, and ebb tides are often as-
sociated with enhanced anthropogenic CDOM with relatively high bioavailability.

© 2019 Elsevier B.V. All rights reserved.
Tidal oscillations
Qiantang estuary
Ultrahigh resolution mass spectrometry
1. Introduction

Estuaries and coastal ecosystems support the livelihood of ~75% of
the world's population (Paerl et al., 2013), and anthropogenic impacts
(e.g. industrialization, urbanization, and agricultural production) in
these areas have resulted in increasing concentrations of terrestrial
and anthropogenic dissolved organic matter (DOM) in receiving coastal
environments (Paerl and Huisman, 2008; Huang et al., 2018). Corre-
spondingly, ~30% of primary production in the global oceans occurs in
these coastal waters (Yamashita et al., 2008). The intense primary pro-
ductivity leads to the production and high concentration of autochtho-
nous DOM in these waters. Thus, the fate of terrestrial, anthropogenic,
and autochthonous DOM in these ecosystems can be complex. Stresses
imposed by climatic, anthropogenic, and tidal perturbations have accel-
erated the production and degradation processes of DOM in coastal wa-
ters (Stedmon and Markager, 2005a; Yamashita et al., 2008; Osburn
et al., 2012; Guo et al., 2014). Flood- and tidal-induced water mixing
and the biological and photochemical degradation of DOM in coastal
waters can also fuel the outgassing of greenhouse gases and in this
way impact the global climate change (Bianchi et al., 2013). Therefore,
numerous studies have been completed to elucidate howupstream trib-
utary water inputs may impact the optical dynamics of DOM in receiv-
ing coastal waters (Stedmon and Markager, 2005a; Yang et al., 2013;
Guo et al., 2014). Ebb and flood tides control the mixing of riverine
freshwater and backward-propagated saltwater and greatly change
the inundation areas of estuaries and coastal environments (Carey and
Fulweiler, 2014) andmay thus influence the biogeochemical processing
of DOM. Previous studies have shown that tidal oscillations impact the
water level, discharge, concentration of suspended particulate matter
(SPM), and residence time of silica (Carey and Fulweiler, 2014; Shen
et al., 2016). However, little is known about how tidal oscillations in
highly urbanized estuary areas may affect the compositional dynamics
of DOM.

Tropical cyclone activity has intensified in all the oceans worldwide
and this, as well as increased intensity of land-falling typhoons over the
Pacific Ocean since the late 1970s (Mei and Xie, 2016), can change the
oncentrations of dissolved organic c
opolitan city of Hangzhou.
mixing behavior of water masses and the optical dynamics of DOM
(Osburn et al., 2012; Zhou et al., 2016c). The ongoing climate change-
induced intensification of tropical cyclones coupled with astronomical
tides will potentially result in enhanced tidal oscillations in estuaries
and coastal waters. Flood tides superimposed with storm surges can
blow seawater backwards far inland along floodplains, this being ex-
tremely pronounced in the three most predominant tidal bores world-
wide: the Qiantang estuary, China (Xie et al., 2017), the Ganges
estuary, Bangladesh (Nicholls et al., 2016), and the Amazon estuary,
Brazil (Ward et al., 2015).

The Qiantang tidal bore is created by a combination of gravity in the
Earth's rotation, the backwater effect induced by the tide and the
Qiantang River flow, and the horn-shaped entrance of the estuary itself
(Fig. 1). The Qiantang bore can be categorized as a semi-diurnal tide,
and the difference in tidal levels of ebb and flood tides at regions down-
streamof Zhijiang and upstreamof Zhapu can be as high as 6m (Fig. S1;
Fig. S2), this being especially pronounced under typhoon conditions.
Ebb and flood tides in the estuary create a big tidal-flat area, especially
in the northern half of the estuary, where tremendous exchange of
freshwater and saltwater currents, togetherwith physicalmixing of sur-
face and deep layers of the water columns coexist. The tidal oscillations
of the Qiantang bore in the highly urbanized estuary areamay therefore
have a great impact on the optical compositional dynamics of CDOM. To
date, however, the direct relationship between tidal oscillations and the
optical property and bioavailability of DOM in tide-dominated estuaries
remains to be elucidated.

The objective of this study was to unravel how tidal oscillations im-
pact the optical compositional dynamics of DOM and its bioavailability
in the Qiantang estuary with surrounding highly urbanized residential
areas. A study combining measurements of extensive sampling, semi-
diurnal and hourly CDOM EEMs fluorescence, δ18O, δ13C-DOC, bioavail-
able DOC (BDOC), and FT-ICR MS for the samples collected from up-
stream Zhijiang to downstream Zhapu and the regions between these
two sites was carried out to investigate how CDOM optical composi-
tional dynamics may be impacted by tidal oscillations in the highly ur-
banized estuary. We hypothesized that the tidal oscillations of the
arbon (DOC). Red triangles show the location of tidal gauging stations. Magenta-colored
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highly urbanized Qiantang estuary impact the physical mixing of river-
ine freshwater inputs and seawater in the estuary and, thereby, both the
optical composition and the bioavailability of CDOM molecules.

2. Materials and methods

2.1. Study sites and sample collection

The Qiantang estuary is located south of the Lake Taihu Basin and is
one of the most developed areas in China. The Qiantang bore is one of
the world's three largest tidal bores. It has a horn-shaped entrance
with a width of ~95 km after which it gradually narrows to a width of
~3 km at the inlet of the estuary. This, coupledwith the backwater effect
induced by the tide and the Qiantang River, the largest river in the
Zhejiang Province in China, leads to the formation of huge waves
semi-diurnally in the regions from downstream of Zhapu back to up-
stream of Zhijiang (Fig. 1).

A total of 437 grab surface (0.5 m) water samples were collected
from the Qiantang estuary, including an extensive field sampling cam-
paign (50 sites, Fig. 1) conducted in the estuary during daytime from
8:00 a.m. to 16:00 p.m. from 25 July to 27 July 2017 and continuous
semi-diurnal from 31 October 2016 to 19 November 2016 or hourly
(from around 8:00 a.m. to 16:00 p.m. on 6, 12, 16, and 18 November
2016) observations at Zhijiang (66 × triplicate samples, salinity ~0.1‰,
upstream) and Zhapu (63 × triplicate samples, salinity ~7‰, down-
stream) (Fig. S1; Fig. S2). Due to the large difference in tidal levels and
semi-diurnally transformation between ebb and flood tides, samples
were collected semi-diurnally for less than a month being able to cap-
ture an astronomical tide and hourly for four daytime (Table S1;
Fig. S3), and the extensive campaignwas conducted one time. The sam-
pling timewas able to cover a uniform distribution of tidal levels at both
Zhijiang (upstream) and Zhapu (downstream) (Table S1; Fig. S3). Salin-
ity and fluorescent DOM (FDOM) concentrations (in quinine sulfate
unit, QSU) at depth of 0.5 m were measured in situ using a YSI EXO2
multi-parameter water quality sonde (Yellow Springs Inc., OH, USA).
Surface (0–0.5 m) water samples were collected in 2.5 L acid-cleaned
Niskin bottles and stored on ice while in the field. Samples were imme-
diately transported to the laboratory where they were filtered upon ar-
rival and then stored in the dark at 4 °C. CDOM optical measurements
were undertaken within two days and all laboratory measurements
were finished within five days. Filtered samples were frozen for other
analyses.

2.2. Hydrological data

Data on the hourlyflow rate and tidal level at Zhijiang from0:00 a.m.
on 31 October 2016 to 0:00 a.m. on 20 November 2016 were provided
by the Zhijiang Hydrologic Station and were well-validated by the
Taihu Basin hydrological information service system (http://218.1.102.
99:8100/indexWater.html). Information on the hourly tidal level at
Zhapu from 0:00 a.m. on 31 October 2016 to 0:00 a.m. on 20 November
2016 were freely available from the Chinese Naval service system
(http://www.cnss.com.cn/).

2.3. DOC, bioavailable DOC (BDOC), CDOM absorption, fluorescence mea-
surements, and PARAFAC modeling

Excitation-emission matrix spectroscopy (EEMs) provides a marked
increase in the optical resolution over absorption spectra as it enables
the differentiation of CDOM that absorbs light at the same wavelength
while emitting it in distinct spectral regions (Murphy et al., 2008).
EEMs coupled with parallel factor analysis (PARAFAC) have been
shown to have considerable advantage over the traditional “peak pick-
ing” technique in resolving the fluorescent compositional dynamics of
CDOM (Murphy et al., 2008; Stedmon and Bro, 2008; Murphy et al.,
2013; Yang et al., 2017).
Detailed information about CDOM absorption and fluorescence
measurements, the calibration procedures for EEMs spectra, and
PARAFAC modeling can be found in the Supporting Information. Split-
half validation analysis, random initialization analysis, the analysis of re-
siduals (Stedmon and Bro, 2008;Murphy et al., 2013) all validated a six-
component model (Fig. S4; Fig. S5; Fig. S6).

Water samples were filtered throughWhatman GF/F (0.7 μm) filters
and evaluated for DOC measurements using a TOC-V CPN (Shimadzu,
Tokyo, Japan) analyzer with NPOC mode by combustion at ~680 °C. All
field samples collected from Zhijiang and Zhapu were measured for
DOC biodegradability. In this study, BDOC is defined as percent DOC
mineralized over 28 days as recommended by Vonk et al. (2015).
After initial collection and filtration of the samples in the field, 50mL al-
iquots from each field sample were filtered through pre-rinsed 0.22 μm
Milliporemembrane cellulosefilters to remove bacteria and then placed
in 70mL brown glass incubation vials. Site-specific rawwater was used
as bacterial inoculum and 2 mL of this site-specific bacterial inoculum
was added to each incubation vial. All vials were kept oxygenized at
room temperature (20 ± 2 °C) and received a nutrient amendment,
and the ambient concentrations were increased by 80 μM NH4

+-N and
10 μM PO4

3−-P to relieve nutrient limitation of DOC processing as rec-
ommended by Holmes et al. (2008) and Abbott et al. (2014). The vials
were shaken gently several times every day and the incubated samples
were re-filtered throughMillipore filters after 28 days' incubation to de-
termine the DOC concentration again.

2.4. Stable isotopes (δ18O, δ13C-DOC) and SPM measurements

Water stable isotope δ18O can be used to trace the source of water
mass as evaporation can result in enriched δ18O values (Yamamoto-
Kawai et al., 2008). δ18O samples were collected from 0.2 m depth and
measured on an LGR DLT-100 (model:908-0008) Laser Adsorption
Spectroscope (Los Gatos Research, Inc. Mountain View, CA, USA), and
δ18O was calibrated against Vienna Standard Mean Ocean Water with
precision ≤0.3‰ (Wu et al., 2015).

δ13C-DOC can be used to examine the source of bulk-DOC as δ13C-
DOC of terrestrial DOC and autochthonous DOC typically range between
−29‰ and −26‰ (similar to that of C3 plants) and between −25‰
and −20‰ (similar to that of C4 plants), respectively (Hood et al.,
2009; Zhou et al., 2017). The samples from Zhijiang and Zhapu were
all filtered through Whatman GF/F filters to measure bulk δ13C-DOC.
All samples were dried at 55± 5 °C in acid-cleaned beakers to constant
weight (generally within three days). The CDOM residue was exposed
to 5 mol L−1 HCl solutions for ~24 h to steam acidify CDOM samples
to remove dissolved inorganic carbon. The solid residue was dried
again at 55± 5 °C for 24 h and then combustedwith a Flash EA1112 an-
alyzer. The CO2 gas produced was subsequently measured on a Thermo
Finnigan MAT Deltaplus dual-inlet continuous flow isotope ratio mass
spectrometer with a precision of b0.1‰. Bulk δ13C-DOC was calibrated
against the Vienna Pee Dee Belemnite (VPDB) standard (Hood et al.,
2009; Zhou et al., 2017).

WhatmanGF/F filters were combusted at 550 °C for 4 h andweighed
using an electrobalance with an accuracy of b10−2 mg. Water samples
(N100 mL according to the amount of particles) were first filtered
through GF/F filters, which were subsequently dried at 105 °C for 4 h
andweighed again to calculate SPM concentrations (Zhou et al., 2016b).

2.5. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) and data analyses

Samples collected from Zhijiang and Zhapu (one sample from each
site) on 6 November 2016 were solid-phase extracted using PPL Bond
Elut (Agilent) resins prior to analysis by negative-ion electrospray FT-
ICR MS (Spencer et al., 2014). Briefly, ~40 mL samples (filtered through
0.22 μmMillipore filters and volumes calculated based on the DOC con-
centrations to allow extraction of a similar load of DOC with each

http://218.1.102.99:8100/indexWater.html
http://218.1.102.99:8100/indexWater.html
http://www.cnss.com.cn
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cartridge)were thawed and acidified to pH=2with 10MHCl (32%, re-
agent grade, p.a. quality). The acidified samples were slowly passed
through the PPL cartridges (~5 mL min−1). Two 3 mL of 0.01 M HCl
were then passed through the cartridges to wash away any inorganic
carbon before the cartridges were dried under pure nitrogen gas. DOM
was finally eluted from the cartridges using 1 mL of methanol and
stored at −20 °C in the dark. A Milli-Q water sample was also solid-
phase extracted, eluted, and used as procedural blank during the FT-
ICR MS analyses. The methanol extracts from the PPL cartridges were
subsequently diluted 1:1 using Milli-Q water and determined with a
21 T FT-ICR MS (Bruker, USA) at the National High Magnetic Field Lab-
oratory, Tallahassee, Florida, USA (Smith et al., 2018). Molecular formu-
las were assigned to signals N6σ RMS baseline noise with EnviroOrg
©,™ (Corilo, 2015). The mass measurement accuracy of the assigned
formulas did not exceed b0.3 ppm after internal calibration. van
Krevelen diagrams displaying elemental ratios of H/C vs. O/C can be
used to examine the potential sources and compositional dynamics of
DOM (Stubbins et al., 2010; Ohno et al., 2014; Spencer et al., 2014).
The classification of molecular formulas was performed following the
methods detailed in Ohno et al. (2014). Briefly, the biomolecular chem-
ical classes categorized via the van Krevelen diagrams in this study typ-
ically include: (a) lipids (O/C= 0–0.3, H/C= 1.5–2.0), (b) proteins and
amino acids (O/C = 0.3–0.67, H/C = 1.5–2.2), (c) lignins (O/C =
0.1–0.67, H/C = 0.7–1.5), (d) carbohydrates (O/C = 0.67–1.2, H/C =
1.5–2.2), (e) unsaturated hydrocarbons (O/C = 0–0.1, H/C = 0.7–1.5),
(f) condensed aromatics (O/C = 0–0.67, H/C = 0.2–0.7), and
(g) tannins (O/C = 0.67–1.2, H/C = 0.5–1.5) (Ohno et al., 2014).

2.6. Principal component analysis (PCA) modeling

Principal components analysis (PCA) was performed to produce a
reduced data set summarizing the majority of variables without prior
knowledge of the data array itself (Bro and Smilde, 2014). Due to the
distinct characteristics of CDOM quality between Zhijiang and Zhapu,
we conducted PCA for the two sites separately. Physico-chemical vari-
ables, including SPM, δ13C-DOC, DOC, BDOC, as well as the six
PARAFAC components C1–C6, were all included in the PCA based on
the Pearson correlation matrices among these variables and the corre-
sponding significance levels (Fig. S7). The complete data array was
first auto-scaled before PCA modeling (Bro and Smilde, 2014). Scree
test is the eigenvalues plotted as a function of the number of compo-
nents with the assumption that relevant information is larger than ran-
dom noise (Bro and Smilde, 2014). The scree result of PCA eigenvalues
indicated that the first two components explained the majority of the
variability included in the PCA models for both Zhijiang and Zhapu
(Fig. S8).

2.7. Statistical analyses

The location of sampling sites and tidal gauging stations was
mapped with ArcGIS 10.2 software. EEMs contour plot and linear and
nonlinear fittings were established using MATLAB R2015b. PCA in this
study was performed using the inbuilt statistics toolbox in MATLAB.
Means and standard deviations (S.D.) were determined and t-tests per-
formed using R i386 2.15.2. Results of t-test and linear and nonlinear fit-
tings with p b 0.05 were recorded as significant.

3. Results

3.1. PARAFAC components

The six-componentmodel explained over 99.9% of the total variabil-
ity of the EEMs data array (Fig. S4) andwas validated using the split-half
validation and random initialization procedure (Fig. S5; Fig. S6). The
spectral shapes of the six PARAFAC components were compared with
those identified earlier in other aquatic ecosystems using an online
CDOM fluorescence library –Openfluor (Murphy et al., 2014). C1 exhib-
ited two Exmaxima (at 240 and 345 nm) and a single Emmaximum (at
468 nm) (Fig. S4) and can be characterized as a terrestrial humic-like
fluorophore (Kowalczuk et al., 2009; Murphy et al., 2011; Kothawala
et al., 2014; Shutova et al., 2014). C2 (230 (280)/340 nm) and C5
(275/324 nm) can be categorized as an amino-acid-like associated
tryptophan-like fluorophore (Fig. S4) (Stedmon and Markager, 2005a;
Murphy et al., 2011). The two components can be originated from the
presence of polyphenolic moieties in DOM (Maie et al., 2007; Hur
et al., 2011), or biodegradation of algae cells (Zhou et al., 2015) and an-
thropogenic sewages (Stedmon et al., 2011; Zhou et al., 2016a). C3
displayed one Ex maximum (at 230 nm) and one Em maximum (at
428 nm) (Fig. S4) and was categorized as an agricultural humic-like
fluorophore (Kowalczuk et al., 2009; Osburn et al., 2011; Osburn et al.,
2012; Shutova et al., 2014). C4 exhibited two Ex maxima (at 240 and
305 nm) and one Em maximum (at 380 nm) (Fig. S4) and was charac-
terized as a typical microbial humic-like fluorophore (Murphy et al.,
2011; Osburn et al., 2011). C6 had spectral shapes (230 (270)/
300 nm) similar to those of tyrosine-like fluorophores (Fig. S4)
(Murphy et al., 2011; Kowalczuk et al., 2013).

3.2. Spatial variability of CDOM optical properties in the estuary

For the samples collected in the extensive field campaign in July
2017, salinity ranged from 4.9 to 8.4‰ with a mean of 6.0 ± 0.8‰ and
increased notably from the upstream to the downstream of the estuary
(Fig. 2), and this was especially pronounced in the southern half of the
channel (Fig. 2). This reflects a physical mixing of riverine freshwater
and saltwater. DOC concentrations decreased gradually from
2.9 mg L−1 in the areas near Zhapu (salinity ~7‰, downstream) to
2.2mg L−1 at the south shallow shore of the estuary (Fig. 1). In compar-
ison, the maximum fluorescence intensity (Fmax) of terrestrial humic-
like C1, tryptophan-like C2, and agricultural humic-like C3 decreased
gradually from the upstream to the downstream (seaward) reach of
the estuary, and the trends were especially pronounced in the southern
half of the estuary (Fig. 2). We found that DOC, CDOM absorption a
(254), in situ measured FDOM concentrations, and the Fmax of all the
six components except for C6 decreased notablywith increasing salinity
(p b 0.01, Fig. 2). If we only take into account the data from the southern
half of the channel, the area that best represent the physical mixing of
freshwater and seawater, the determination coefficients of linear and
nonlinear fittings between salinity and CDOM-related indices increased
but the relationship patterns remained similar (Fig. S9).

3.3. Daily and hourly variations of tidal oscillations and CDOM optical
composition

The Qiantang bore exhibited semi-diurnal fluctuations. Thus, the
flood tides occurred at 3:00–6:00 a.m. and 16:00–19:00 p.m. for
Zhijiang and at 0:00–3:00 a.m. and 13:00–16:00 p.m. for Zhapu during
the sampling period (Fig. S1; Fig. S2; Table S1). During the sampling pe-
riod, no significant difference appeared between the mean tidal level at
Zhijiang (3.9 ± 0.7 m) and Zhapu (4.06 ± 1.99 m) (Table 1; Fig. S1;
Fig. S2). We found significantly higher mean SPM and BDOC at Zhapu
than at Zhijiang (t-test, p b 0.001; Table 1; Fig. S1; Fig. S2), while no sig-
nificant differencewas observed between themeanDOC concentrations
at Zhijiang and Zhapu (t-test, p N 0.05; Table 1; Fig. S1; Fig. S2). We fur-
ther discovered a significantly depletedmean bulk δ13C-DOC at Zhijiang
than at Zhapu (t-test, p b 0.001; Table 1; Fig. S1; Fig. S2). The two amino-
acid-like associated tryptophan-like fluorophores, C2 and C5, contrib-
uted predominantly to the CDOM fluorescence, and their summed con-
tribution percentages to the fluorescence intensity (Fmax) of the six
components ranged from 64.2% to 90.6% with a mean of 79.5% ± 6.2%
(Table 1; Fig. S1; Fig. S2). Specifically, the mean Fmax levels of terrestrial
humic-like C1 and agricultural humic-like C3, tryptophan-like C2 and
C5, and microbial humic-like C4 at Zhijiang were all remarkably lower



Fig. 2. Spatial variations of salinity (a) and PARAFAC-derivedC1–C3 (b–d) for the samples collected from theQiantang estuary. Relationships between salinity and dissolved organic carbon
(DOC) (e), CDOM absorption a(254) (f), and in situ measured FDOM concentration (g), and the fluorescence intensity of the six PARAFAC components C1–C6 (h–m) for the samples
collected from the estuary. Dark and light pink shaded areas in panels e-l are 95% confidence and prediction bands, respectively.
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than at Zhapu (t-test, p b 0.001; Table 1; Fig. S1; Fig. S2). In comparison,
the mean Fmax of tyrosine-like C6 was significantly higher at Zhijiang
than that at Zhapu (t-test, p = 0.018; Table 1; Fig. S1; Fig. S2).

3.4. Relationships between tidal oscillations and CDOM optical composition

At Zhijiang, significant negative relationships were recorded be-
tween tidal level and DOC, BDOC, Fmax values of terrestrial humic-like
C1, tryptophan-like C2 and C5, and microbial humic-like C4 (p b 0.01,
Fig. 3). No significant relationship was observed between tidal level
and δ18O, δ13C-DOC, agricultural humic-like C3 or tyrosine-like C6
(Fig. 3). There were two clusters in the relationships between tidal
levels and CDOM-related indices and the clusters showed different
trends against tidal level (Fig. S10). If we exclude the small cluster of
data from linear fittings, weak positive relationships were found be-
tween tidal level and δ18O, tryptophan-like C2 and C5, and a significant
Table 1
Summary of hydrological, physico-chemical, and DOM compositional parameters (mean± S.D.)
between the two sites using t-test.

Sampling sites Tidal level
(m)

Flow rate
(m3 s−1)

Salinity
(‰)

Zhijiang 3.94 ± 0.68 838 ± 2392 0.10 ± 0.01
Zhapu 4.06 ± 1.99 n.a. 6.91 ± 0.39
p N0.05 n.a. b0.001
Sampling sites δ13C-DOC

(‰)
C1

(R.U.)
C2

(R.U.)
Zhijiang −26.0 ± 0.2 0.15 ± 0.01 2.09 ± 0.82
Zhapu −25.8 ± 0.3 0.22 ± 0.02 4.71 ± 0.51
p b0.01 b0.001 b0.001

SPM: suspended particulate matter; DOC: dissolved organic carbon; BDOC: bioavailable D
components.
negative relationship was detected between tidal level and agricultural
humic-like C3 (Fig. S10). In comparison, significant positive relation-
ships were found between salinity and DOC, C1–C5 (Fig. S11), while
no significant relationship was traced between salinity and δ18O, δ13C-
DOC or C6 (Fig. S11). There were two clusters in the relationships be-
tween salinity and C3 and both clusters showed different trends against
salinity (Fig. S11) and if we remove the small cluster of data from fitting,
a close and positive relationship emerged (Fig. S11). Note that labora-
tory salt addition (KCl, reagent grade) does not change fluorescent spec-
tra of CDOM samples (Fig. S12).

At Zhapu, significant positive relationships were observed between
tidal level and δ18O (p b 0.05, Fig. 4), while significant negative relation-
ships were recorded between tidal level and tryptophan-like C2 and C5,
as well as agricultural humic-like C3 (p b 0.01, Fig. 4). No significant re-
lationship was traced between tidal level and DOC, BDOC, or the Fmax

values of C1, C4, and C6 (Fig. 4). In comparison, significant negative
for the samples collected from Zhijiang and Zhapu and the significance level of differences

δ18O
(‰)

SPM
(mg L−1)

DOC
(mg L−1)

BDOC
(%)

−6.5 ± 0.3 60.8 ± 60.2 2.06 ± 0.16 11.1 ± 6.3
−4.9 ± 0.3 862.6 ± 553.1 2.17 ± 1.00 20.6 ± 16.8

b0.001 b0.001 N0.05 b0.001
C3

(R.U.)
C4

(R.U.)
C5

(R.U.)
C6

(R.U.)
0.15 ± 0.07 0.25 ± 0.02 1.88 ± 0.68 0.39 ± 0.21
0.31 ± 0.07 0.28 ± 0.03 4.10 ± 0.41 0.31 ± 0.11

b0.001 b0.001 b0.001 0.018

OC; δ13C-DOC: stable isotope δ13C-DOC; C1–C6: the six PARAFAC-derived fluorescent



Fig. 3. Relationships between tidal level andmean dissolved organic carbon (DOC) (a), mean bioavailable DOC (BDOC) (b), stable isotopic δ18O (c), mean Fmax of terrestrial humic-like C1
(d), tryptophan-like C2 (e), agricultural humic-like C3 (f), microbial humic-like C4 (g), and blue-shifted tryptophan-like C5 (h) for the samples collected from Zhijiang (salinity ~0.1‰) in
the upstream of the Qiantang estuary. Error bars represent ±1 S.D. of triplicate samples. Color in all panels stand for the corresponding salinity.
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relationships were observed between salinity and DOC, BDOC, terres-
trial humic-like C1, and microbial humic-like C4 (p b 0.01, Fig. S13),
while significant positive relationships were recorded between salinity
and δ18O and between salinity and agricultural humic-like C3 (p b 0.01,
Fig. S13). No significant relationship was recorded between salinity
with either C2 or C5–C6 (Fig. S13).

3.5. PCA modeling results

For the samples collected from the Zhijiang upstream site, the first
two principal components, PC1 and PC2, accounted for 40.5% and
30.6%, respectively, of the variability in DOM-related parameters
Fig. 4.Relationships between tidal level and dissolved organic carbon (DOC) (a), bioavailableDO
for the samples collected from Zhapu (salinity ~7‰) in the downstream of the Qiantang est
corresponding salinity.
included in the PCA (Fig. 5). BDOC, and PARAFAC components C1–C5
exhibited positive PC1 loadings, while SPM, DOC, δ13C-DOC, and
tyrosine-like C6 demonstrated negative PC1 loadings (Fig. 5). As
Zhijiang is surrounded by the highly urbanized metropolitan city of
Hangzhou, and tryptophan-like C2 and C5 and microbial humic-like
C4 displayed high PC1 loadings (Fig. 5), Chl-a in the Qiantang estuary
is often very low (b5 μg L−1, (Wang et al., 2007)) and PC1was therefore
closely linked with the anthropogenic tryptophan-like input. DOC,
BDOC and terrestrial humic-like C1 showedhigh PC2 loading (Fig. 6), in-
dicating that PC2 may be positively related to the terrestrial CDOM
input. Tidal level correlated negatively with PC1 and PC2 (p b 0.001,
Fig. 6). In comparison, positive relationships were observed between
C (BDOC) (b), stable isotopic δ18O (c), and the PARAFAC-derived components C1–C5 (d–h)
uary. Error bars represent ±1 S.D. of triplicate samples. Color in all panels stand for the



Fig. 5. PCA factor loadings and scores for samples collected from upstream Zhijiang (a–b) and downstream Zhapu (c–d). Error bars in the lower panels represent ±1 S.D. of triplicate
samples; color in panel b and d denote the salinity at Zhijiang and Zhapu, respectively.
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salinity and PC1 (p b 0.01), PC2 (p b 0.05) at the Zhijiang upstream site
(Fig. 6).

In comparison, at the downstream Zhapu, PC1 and PC2 explained
37.1% and 25.5%, respectively, of total variability (Fig. 5). Tryptophan-
like C2 and C5 and agricultural humic-like C3 displayed high PC1 load-
ings,while SPM, DOC, BDOC, δ13C-DOC, terrestrial humic-like C1,micro-
bial humic-like C4, and tyrosine-like C6 exhibited negative PC1 loadings
(Fig. 5). Zhapu is surrounded by highly urbanized residential areas and
this suggests that PC1 at Zhapu is also positively related to the anthro-
pogenic tryptophan-like input. Tryptophan-like C2 and C5 coupled
with terrestrial humic-like C1 all exhibited high PC2 loadings (Fig. 5),
Fig. 6. Relationships between PC1 score and tidal level (a), salinity (b), and between PC2 and t
downstream, e–h). PC1 and PC2 scores can be found in Fig. 5. Error bars in all panels represent
implying that PC2 is also positively linked with the anthropogenic
input. The tidal level correlated negatively with PC1 and PC2 (p b 0.01,
Fig. 6), and salinity correlated negatively with PC2 (p b 0.01, Fig. 6),
while a weak but positive relationship was observed between salinity
and PC1 (p b 0.05, Fig. 6).

3.6. FT-ICR MS results

Solid-phase extracted samples collected from Zhijiang and Zhapu
contained 11,333 and 12,702 assigned formula peaks (Fig. 7). Terrestrial
lignin molecules displayed 8163 and 8999 peaks, corresponding to
idal level (c), salinity (d) at Zhijiang (salinity ~0.1‰, upstream) and Zhapu (salinity ~7‰,
±1 S.D. of triplicate samples.



Fig. 7. van Krevelen diagrams of the distribution of bulk DOM samples collected from Zhijiang (upper panels) and Zhapu (lower panels). Colors in the two panels represent the relative
abundance of the FT-ICRMS signals. The 1st to 4th column panels are the van Krevelen diagrams of the distributions of all, carbohydrates (CHO), nitrogen-containing compounds (CHON),
and sulphur-containing compounds (CHOS), respectively. The dash lines circled areas are assigned protein and lignin molecules, respectively in all panels.
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contribution percentages of 72% and 71% of the number of total assigned
formulas for the samples collected from Zhijiang and Zhapu, respec-
tively (Fig. 7; Table S2). In comparison, protein displayed 1248 and
1222 peaks and corresponded to 11% and 10%, respectively, of the sam-
ples collected from Zhijiang and Zhapu (Fig. 7; Table S2). The formulas
associated with terrestrial lignin molecules exhibited high relative
abundance compared with formulas associated with other compound
classes (Fig. 7). Both Zhijiang and Zhapu contained high proportions of
carbohydrates (CHO) (42% for both Zhijiang and Zhapu) and nitrogen-
containing compounds (CHON) formulas (47% and 46% for Zhijiang
and Zhapu, respectively; Fig. 7). It is noted that the CHON compounds
were more closely linked to terrestrial lignins at Zhapu than at Zhijiang
(Fig. 7).
4. Discussion

Our results suggest that tidal fluctuations by largely controlling the
physical mixing of freshwater and saltwater, and also surface and
deep layers in the water column, to a large extent affect the optical dy-
namics and bioavailability of terrestrial and anthropogenic CDOM in the
Qiantang estuary with surrounding areas highly urbanized.

Firstly, DOC, a(254), in situ measured FDOM, and Fmax values of C1–
C5 all decreased with increasing salinity during the extensive field sam-
pling campaign (Fig. 2), which suggests that the Qiantang River carried
a mixture of terrestrial humic-rich and anthropogenic protein-rich
CDOM and contributed primarily to the CDOM pool in the estuary. The
mean Fmax values of tryptophan-like C2 and C5 were notably higher
than those of the other four components and are derived from either
degradation products of algal block mass (Yamashita and Tanoue,
2004; Stedmon and Markager, 2005b; Zhang et al., 2009; Zhou et al.,
2015) or household sewage (Stedmon et al., 2011; Zhou et al., 2016a).
However, mean Chl-a in the Qiantang estuary typically ranges from ~2
to ~4 μg L−1 (Wang et al., 2007), and the degradation of algae cells
therefore most likely contributes little to the CDOM pool in the estuary
compared with anthropogenic CDOM. The high Fmax of tryptophan-like
fluorophores in the estuary and at both Zhijiang and Zhapu might,
therefore, be explained by discharges of household sewage from the
surrounding highly urbanized areas (Fig. 1).

Secondly, continuous observations made upstream of the Qiantang
estuary at Zhijiang (salinity ~0.1‰) showed that DOC, BDOC, terrestrial
humic-like C1, tryptophan-like C2 and C5, and microbial humic-like C4
decreased with increasing tidal level (Fig. 3) provided further evidence.
This suggests that ebb tides with terrestrial soil organic matter from up-
stream Qiantang River and residential sewage from the surrounding
metropolitan Hangzhou City will result in higher concentrations of
DOC with higher bioavailability than flood tides. The tidal level at
Zhijiang is controlled by a combined effect of the Qiantang river flow
and the backwater of the estuary tides (Fig. S14), and ebb tides are usu-
ally coupled with low upstream inflow discharge, prolonged water res-
idence time, and increased salinity (Fig. S14). The positive relationships
between salinity and DOC and between salinity and the Fmax values of
C1–C5 at the upstreamof Zhijiang (salinity ~0.1‰, Fig. S14) provide fur-
ther evidence of this. Point-source contaminated waters from the sur-
rounding highly urbanized residential areas during ebb tides carry
high concentrations of DOC that are discharged to the estuary, and
this portion of DOC is usually highly bioavailable (Baker, 2001; Zhou
et al., 2016a).

Thirdly, the negative relationships between tidal level and
tryptophan-like C2 and C5, and agricultural humic-like C3 (Fig. 4) at
Zhapu (salinity ~7‰, downstream) provide further evidence of a higher
influence of ebb tides. Thus, ebb tides enhanced the discharge of house-
hold sewage from the surrounding Zhapu town to the receiving waters.
The negative relationships between salinity and DOC, BDOC, and the
Fmax values of terrestrial humic-like C1 and agricultural humic-like C4
(Fig. S13) therefore implying that ebb tides enhance terrestrial and an-
thropogenic CDOM. This is further evidenced by the positive relation-
ship between tidal level and δ18O (Fig. 4) as riverine freshwater
usually has more depleted δ18O than saltwater (Stedmon et al., 2015),
and saltwater carried by flood tide therefore displayed enriched δ18O
(Fig. S13). This was substantiated by the positive relationship between
salinity and δ18O at Zhapu (Fig. S13). Zhapu is located at the north
shore of the estuary, and tidal oscillations here can not only fuel the
mixing of freshwater and saltwater but also the mixing of the surface
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and bottom layers of the water column (He et al., 2013), which is sup-
ported by the high SPM during the flood tide here (Fig. S1). This and
the limited sampling periods and sitesmight explain the lack of a signif-
icant relationship between tidal level and DOC or BDOC, or between sa-
linity and tryptophan-like C2 or C5 (Fig. 4; Fig. S13). Future works can
benefit from seasonal sampling collection to be able to including more
end member samples, and also the application of online real-time fluo-
rescence sensor and high temporal resolution remote sensing images
(He et al., 2013).

Fourthly, the tidal oscillation impact on the highly urbanized
Qiantang estuary is supported by the PCA results for both upstream
Zhijiang and downstream Zhapu (Fig. 5; Fig. 6). PC1 at the upstream
Zhijiang is positively linkedwith the anthropogenic CDOM input and in-
creased with increasing salinity and with decreasing tidal level (Fig. 6),
which suggested that with diminished freshwater discharge and longer
water residence time, the concentration of anthropogenic CDOM here
may rise. In contrast, an increased flow rate of the Qiantang river
through the backwater can result in increased tidal level (He et al.,
2013) and subsequently diluted anthropogenic tryptophan-like signals.
This is substantiated by the fact that Lake Qiandao in the upstream
Xin'anjiang river system is a national key drinking water source with a
consequently low discharge of DOC concentrations downstream (Zhou
et al., 2016b). Also the negative relationships between tidal level and
PC1–PC2 scores at the downstream Zhapu (Fig. 6), all being positively
related to anthropogenic tryptophan-like substances (Fig. 5), point in
direction of tidal oscillation impact, this is further substantiated by the
negative relationship between salinity and PC2 scores (Fig. 6). Seawater
with a relatively high salinity carried by flood tides flushed freshwater
backwards, consequently diluting the anthropogenic tryptophan-like
signals here at the downstream Zhapu (Fig. 6).

The switch from flood tides to ebb tides shifts the CDOM sources
from turbid seawater with low DOC to clean riverine freshwater with
high anthropogenic tryptophan-rich DOM and BDOC, especially in the
downstream of the estuary (Figs. 3–6), as revealed by the positive rela-
tionship between tidal level and salinity discovered here (Fig. S14). An-
thropogenic CDOM derived from upstream and surrounding residential
areas was closely coupled with terrestrial humic-rich substances, as
shown by the relationships between salinity and these fluorescence sig-
nals (Figs. 2–4), and the close linkages between nitrogen-containing
compounds and terrestrial lignins revealed by FT-ICR MS, especially
for the downstream Zhapu site (Fig. 7). The similar FT-ICR MS results
between Zhijiang and Zhapu can be explained by both sites receiving
terrestrial and anthropogenic CDOM input simultaneously as supported
by similar fluorescent spectra between these two sites (Fig. 3; Fig. 4;
Table 1). Note that the numbers of peak identified for different com-
pound classes can also be influenced by the ionization efficiency
(Stubbins et al., 2010; Spencer et al., 2014). Massive discharge to the es-
tuary from the Qiantang River, the largest river in the Zhejiang Province
in China, is usually encounter with the backwater carried by flood tides,
and this controls the tidal levels at the upstreamZhijiang (Fig. S14). This
explained the negative relationships between tidal level and salinity at
Zhijiang (Fig. S14). The gravity in the Earth's rotation fuels the formation
of main deep channel in the southern half of the estuary and the north-
ern half tidal-flat area, and compared with the northern half, the south-
ern half channel receives little sewage from the north intense
residential areas and therefore better representing freshwater and ma-
rine water mixing (Fig. 2).

In sum, our results collectively suggest that the concentration, opti-
cal dynamics, and bioavailability (and thus likely the metabolism) of
CDOM in the Qiantang estuary were impacted by a combination of an-
thropogenic sewage discharge and terrestrial soil organic matter input
and tidal oscillations. The semi-diurnal alternations between the ele-
vated DOC and BDOC induced by ebbs with enhanced riverine anthro-
pogenic input and reduced DOC and BDOC caused by flood tides with
enhanced seawater dilution effects support the ecosystem sustainability
of the Qiantang estuary.
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